1. Introduction {#sec1}
===============

Ibrutinib is a Bruton\'s tyrosine kinase (Btk) inhibitor that is authorized by the US Food and Drug Administration (FDA) for clinical use in the treatment of chronic lymphocytic leukemia (CLL), mantle cell lymphoma, and Waldenstrom macroglobulinemia as a monotherapy or as part of a combination therapy \[[@bib1], [@bib2], [@bib3]\]. In a previous clinical trial, ibrutinib substantially improved the survival rates of patients compared to those treated with ofatumumab \[[@bib3],[@bib4]\]. Although ibrutinib shows slightly less toxicity relative to other routine chemotherapy-based treatments, it is a chronic medication that is usually used for long-term treatment \[[@bib5]\]. Evidence indicates that ibrutinib can increase the risk of bleeding, as well as the incidence of atrial fibrillation (AF) \[[@bib6]\]. The reported incidence of nascent AF in patients treated with ibrutinib is as high as 11% \[[@bib7]\], and ibrutinib has been shown to be related to an approximately four-fold increase in the risk of developing AF \[[@bib8], [@bib9], [@bib10]\]. Therefore, patients treated with ibrutinib pose a greater challenge in clinical practice. In a randomized trial (RESONATE) comparing the effects of ibrutinib with those of ofatumumab in patients with CLL, incident Common Terminology Criteria for Adverse Events (CTCAE) grade 3 AF was identified in 3% of patients treated with ibrutinib compared to 0% of patients treated with ofatumumab \[[@bib6]\].

Among the 33 million patients with AF globally, many suffer from not only harmful symptoms and a decline in quality of life, but also have a five-fold increased risk of stroke and a twofold increased risk of death \[[@bib11], [@bib12], [@bib13]\]. AF reduces cardiac output, which may lead to cardiac failure, and facilitates atrial thrombus formation, which can result in stroke and arterial embolization \[[@bib10]\]. The pathophysiology of ibrutinib-induced AF promotion is complicated, and involves multiple cellular and molecular interactions; the detailed molecular mechanisms underlying AF development have not yet been determined. The phosphoinositide 3-kinase (PI3K)-Akt pathway is an important cardioprotective pathway that plays a role in the B cell receptor (BCR) signaling cascade \[[@bib14]\]. McMullen et al. \[[@bib15]\] assessed PI3K expression in an experimental model of rat myocytes and determined that exposure to ibrutinib resulted in reduced P13K expression, indicating an increased risk of developing AF. More recently, Jiang et al. \[[@bib16]\] reported that the inhibition of CaMKII may be a therapeutic strategy for the prevention and cure of ibrutinib-treated mice. Other studies have found that the multifunctional CaMKII as an ROS sensor \[[@bib17]\] and a proarrhythmic signal \[[@bib18]\]. Ox-CaMKII could be a biomarker and pro-arrhythmic signal for connecting increased atrial ROS to AF \[[@bib17],[@bib19],[@bib20]\]. However, it is still not clear whether the CaMKII-RyR2 pathway is activated by increased ROS induced by ibrutinib to develop AF susceptibility. Therefore, we established a mouse model of AF susceptibility using esophageal burst stimulation, and performed proteomics analysis to explore for the first time the role of ROS in ibrutinib-treated mice. A further aim of the present study was to identify a potential novel therapeutic approach to treat AF.

2. Materials and methods {#sec2}
========================

2.1. Animal model and administration of drugs {#sec2.1}
---------------------------------------------

Ninety-five male C57BL/6 21--28-day-old mice (body weight \~20 g) were purchased from the Vital River Experimental Animal Center (VREAC, Beijing, China). Using a table of random numbers, fifty of the animals were divided into two groups: the control group (n = 25) and the ibrutinib group (n = 25). The ibrutinib group received an intraperitoneal injection of 30 mg/kg ibrutinib once a day \[[@bib21]\]. Mice were dosed with ibrutinib or vehicle at the same time each day. After 14 days of administration, the animals were subjected to esophageal burst stimulation, followed by ECG recording, echocardiography test, pathological staining, electron microscopy, calcium imaging, mitochondrial ROS production measurement, and proteomics analysis. Then, we used apocynin (20 μl 20 μM, Sigma Aldrich, St. Louis, MO, USA), an inhibitor of NOX \[[@bib22]\] for drug administration, and mice were divided into three groups: the control group (*n* = 15), the ibrutinib group (n = 15) and the apocynin group (n = 15). Two weeks after administration, the animals were subjected to esophageal burst stimulation, electrocardiograms were recorded, and then calcium release was detected and western blotting was performed. All animals used in our study received humane care in accordance with the Health Guide for the Care and Use of Laboratory Animals. This study was approved by the Animal Care Committee of Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine.

2.2. Establishment of the AF model {#sec2.2}
----------------------------------

Mice electrophysiological studies were performed as previously described \[[@bib23], [@bib24], [@bib25]\]. Briefly, all mice were anaesthetized with an intraperitoneal injection of 1% pentobarbital sodium, and surface limb lead ECGs were recorded on each limb. The electrode was inserted through the esophagus near the left atrium (LA), and ECGs were recorded using PowerLab and LabChart 7 software. Both programmed electrical stimulation (PES) and burst pacing (2  ms at 50 Hz) were used to determine their susceptibility to pacing-induced AF \[[@bib23],[@bib24]\]. AF in ibrutinib-treated mice was identified through differentiation from the normal sinus rhythm if the ECGs showed a lack of regular P waves. Restored sinus rhythm in burst-pacing-induced AF mice was identified through the detection of P waves. The duration of AF was recorded in each animal.

2.3. Echocardiography {#sec2.3}
---------------------

As described previously \[[@bib26]\], Vevo 2100 Imaging System (FUJIFILM VisualSonics, Inc., USA; probe, MS-550D; frequency, 40 MHz) was used to detect cardiac structural and functional indicators. First, each group of mice was anaesthetized with ether. After successful anesthesia, the mice in each group were fixed on their backs; their fur was shaved and their skin was cleaned, and then heart structural and functional indicators were examined. Ultrasound measurements were performed to determine the LA diameter, LA area, left ventricular internal dimension systole (LVIDs) and E/A peak. Echocardiography was performed by a technician who was blind to the grouping of the mice.

2.4. Myocardial histopathology {#sec2.4}
------------------------------

The left atrial tissue was fixed in 4% paraformaldehyde, and serially sectioned. The sections were dyed with Masson\'s trichrome stain, and Sirius red dye, and evaluated by light microscopy and polarized light microscopy \[[@bib27]\]. The hearts of three mice were stained and analyzed in each group. The macroscopic changes in the mice hearts were evaluated by optical microscopy. The samples were observed at 40 × , and longitudinal cutting samples were tested in each sample. Finally, Image-Pro 6.0 software was used for quantitative analysis of images.

2.5. Electron microscopy {#sec2.5}
------------------------

The left atrial tissue in each group was immobilized by retrograde aortic perfusion with 2.5% glutaraldehyde \[[@bib28],[@bib29]\]. Three hearts were immobilized and analyzed in the control group and the ibrutinib group, respectively. Furthermore, the myocardial tissues of mice were routinely processed and observed using transmission electron microscopy (H-600, Japan) as previously described \[[@bib30]\].

2.6. Cell preparation and solutions {#sec2.6}
-----------------------------------

Atrial myocytes were separated using an established enzyme digestion protocol \[[@bib31]\]. Isolated atrial myocytes were placed in a dish containing laminin-coated to promote atrial myocytes adherence. Solution containing 140 mM NaCl, 4 mM KCl, 2 mM CaCl~2~, 1 mM MgCl~2~, 10 mM HEPES and 5 mM glucose (pH 7.3--7.4) was added to the dishes at room temperature, and then Ca^2+^ measurement was performed.

DL-Dithiothreitol (DTT; Sigma Aldrich), an inhibitor of ibrutinib, was dissolved in 100 mM normal saline and stored at 4 °C. Apocynin was dissolved in 100 μM dimethyl sulfoxide (DMSO) and stored at 4 °C.

### 2.6.1. Cardiomyocyte Ca^2+^ imaging {#sec2.6.1}

Isolated atrial myocytes were incubated with 5 μmol/L Fluo-4 AM (Invitrogen, Carlsbad, CA, USA). The IonOptix system (IonOptix, Westwood, MA, USA) was used to record transient changes in Ca concentrations, and Ca^2+^ sparks were recorded by laser scanning confocal microscopy (Leica Microsystems, Wetzlar, Germany). In the control and ibrutinib groups, field stimulation at 1 Hz was performed for at least 20s to attain a steady state, and the calcium waves and frequency of Ca^2+^ sparks were acquired over a 10-s rest period. Furthermore, isolated atrial myocytes were incubated in NT solution (control group), NT supplemented with 0.5 mM ibrutinib (ibrutinib group) \[[@bib32]\], and NT supplemented with 0.5 mM ibrutinib with 100 μM apocynin (apocynin group) \[[@bib33]\] for 30 min. At 1 Hz--3 Hz, the changes of calcium transient and Ca^2+^ sparks were recorded in the ibrutinib group and apocynin group.

### 2.6.2. Measurement of mitochondrial ROS generation {#sec2.6.2}

MitoSOX Red (Invitrogen) was used to detect mitochondrial ROS generation \[[@bib34]\]. Isolated atrial myocytes were incubated with MitoSOX Red (5 μM) in NT solution (Control group), NT with 0.5 mM ibrutinib (ibrutinib group), and NT with 0.5 mM ibrutinib with 10 mM DTT (ibrutinib + DTT group) for 120 min at room temperature \[[@bib35]\]. The intensity of red fluorescence was measured in five different regions of each cell. The baseline MitoSOX red fluorescence intensity (100%) was acquired based on mean control cell values.

2.7. Proteomics {#sec2.7}
---------------

The left atrial tissue removed from the liquid nitrogen was transferred to low protein binding tubes and lysed with 1 mM phenylmethylsulfonyl fluoride (PMSF). Next, samples were further lysed by sonication. After sonication, the samples were centrifuged at 12,000×*g* for 10 min, and the supernatant was collected. This was then repeated once. The protein concentration was determined using the bicinchoninic acid (BCA) protein assay \[[@bib36]\], and samples were stored at −80 °C. Each sample protein was then isolated using 12% SDS-PAGE. Then, the gel was stained with Coomassie Brilliant Blue according to the protocol of Candiano \[[@bib37]\]. First, the gel sample protein was fixed for 2 h and stained for 12 h. After staining, the gel was washed with water until the bands were visualized. Finally, the stained gel was scanned with Image Scanner (GE Healthcare, Chicago, IL, USA) at a resolution of 300 dpi. The Filter Aided Sample Preparation (FASP) method was used to analyze the bands \[[@bib38]\]. Some proteins were trypsinized and labeled, and then the same amount of each labeled sample was mixed and subjected to chromatography. Finally, the sample was subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS). Proteome Discoverer (v2.2) (Thermo Fisher Scientific, Waltham, MA, USA) was used to comprehensively identify all Q Exactive MS/MS raw data against the sample protein database.

2.8. Western blotting {#sec2.8}
---------------------

The left atrial tissue from liquid nitrogen was collected and lysed in the RIPA buffer. Protein content was quantified with the BCA reagent kit. Protein samples from each group were separated by 10% SDS-PAGE and then transferred to PVDF membranes (Millipore, Billerica, MA, USA). After incubation in closed buffer (0.5% Tween-20 in TBS, 5% bovine serum albumin (BSA)), the membrane was incubated with the following antibodies for 1 h at room temperature: anti-calmodulin-dependent protein kinases II (CaMKII, ab181052), anti-CaMKⅡ (phospho T286, ab32678), oxidized CaMKII (methionine 281/282 oxidation, GTX36254), Ryanodine Receptor 2 (RyR2, Millipore, AB9080), RyR2-Ser2814 (badrilla, A010-31), anti-xanthine oxidase (XO, ab109235), anti-NOX4 (ab133303), anti-transforming growth factor-β1 (TGF-β1, ab190503), anti-NOXA2/p67-phox (NOX2, ab109366), and anti-Cytochrome b245 Light Chain/p22-phox (ab75941, Abcam, Cambridge, UK). The membranes were then rinsed with TBST (TBS containing 0.5% Tween-20) and incubated with the above antibodies at a 1:1000 ratio in 0.5% BSA overnight at 4 °C. The secondary antibody was diluted with 5% BSA-TBST: goat anti-rabbit and goat anti-mouse IgG (H + L) HRP 1:10,000, incubated for 40 min at room temperature. After washing three times with TBST, the bands were visualized using the enhanced chemiluminescence (ECL) detection system (GE Healthcare). Finally, ImageJ software was used to analyze the gel images.

2.9. Statistical and bioinformatics analysis {#sec2.9}
--------------------------------------------

SPSS (version 22.0) was used for all statistical analysis. Normally distributed variables were compared using Student\'s t-test, or one-way analysis of variance (ANOVA) for multiple comparisons, and the Mann--Whitney rank-sum test was employed for non-normal distributed data, and Chi-square test was used to analyze the counting data. A value of *P* \< 0.05 was considered statistically significant. Origin 6.1 and GraphPad Prism 6 were used for data processing and mapping. To identify biological functions, Gene Ontology (GO) annotation \[[@bib39]\], DAVID Bioinformatics Resources \[[@bib40]\], and STRING software \[[@bib41]\] were employed.

3. Results {#sec3}
==========

3.1. Ibrutinib enhances AF susceptibility {#sec3.1}
-----------------------------------------

To verify whether ibrutinib promotes AF, we performed programmed electrical stimulation and obtained ECG recordings. The ECG parameters were unaltered in ibrutinib-treated mice ([Table 1](#tbl1){ref-type="table"}, [Fig. 1](#fig1){ref-type="fig"}A, C). The results revealed a higher AF incidence in the ibrutinib-treated mice compared with control group ([Fig. 1](#fig1){ref-type="fig"}B), and the difference was statistically significant. The duration of burst-pacing-induced AF in ibrutinib-treated mice was significantly longer than that in the control group ([Fig. 1](#fig1){ref-type="fig"}D). The parameters of cardiac structure were measured by echocardiography ([Fig. 1](#fig1){ref-type="fig"}E--H). These results revealed that the LA diameter of mice in the ibrutinib group was greater than that of control mice, but this difference was not statistically significant ([Fig. 1](#fig1){ref-type="fig"}I). The LA area in the ibrutinib group was significantly higher than that in the control group ([Fig. 1](#fig1){ref-type="fig"}J). There was no significant difference in LVIDs between the two groups ([Fig. 1](#fig1){ref-type="fig"}K). In addition, the E/A peak in the ibrutinib group was significantly lower than that in the control group ([Fig. 1](#fig1){ref-type="fig"}L).Table 1ECG parameters in ibrutinib-treated mice.Table 1Control group (n = 6)Ibrutinib group (n = 6)P-value (Control VS Ibrutinib)BW(g)25.21 ± 1.1121.09 ± 0.917.0419E-8\*HR (bpm)462.55 ± 74.62501.33 ± 49.050.211RR (ms)102.78 ± 2.11101.03 ± 1.710.189PR (ms)37.14 ± 0.8936.08 ± 1.030.120QRS (ms)9.01 ± 0.129.23 ± 0.210.087[^1]Fig. 1(A--D) Representative simultaneous recordings of surface ECG in ibrutinib-treated mice and control mice following programmed intracardiac stimulation (n = 6 mice per group; [Fig. 1](#fig1){ref-type="fig"}B, Chi-square test; [Fig. 1](#fig1){ref-type="fig"}A, C, D, Student\'s t-test). AF, atrial fibrillation. (E--H) Representative B-mode and M-mode echocardiography recordings and (I--L) quantification of left atrial (LA) diameter, LA area, left ventricular internal dimension systole (LVIDs) and E/A peak in control and ibrutinib-treated mice (n = 4 mice per group; Student\'s t-test). Values are presented as mean ± SD. \*P \< 0.05, \*\*P \< 0.01 vs Control group.Fig. 1

3.2. Ibrutinib promotes electrical remodeling by abnormal sarcoplasmic reticulum (SR) Ca^2+^ release {#sec3.2}
----------------------------------------------------------------------------------------------------

To study the effect of ibrutinib on atrial electrophysiology, we assessed calcium ion release and the SR Ca^2+^ release in atrial cardiomyocytes using IonOptix ([Fig. 2](#fig2){ref-type="fig"}A and B). The results showed that spontaneous calcium waves were successfully induced at an extracellular calcium concentration of 2 mM. The atrial myocytes of the ibrutinib group showed a high incidence of spontaneous calcium wave, while the induction success rate of spontaneous calcium waves in the control group was significantly lower ([Fig. 2](#fig2){ref-type="fig"}C). Additionally, this study measured the amplitude, decay time, and time to peak of transient calcium changes. Our results indicated that the amplitude of calcium release in atrial myocytes from the ibrutinib group was significantly decreased compared to that of the control group ([Fig. 2](#fig2){ref-type="fig"}D). In the ibrutinib group, the decay time of intracellular transient calcium in atrial myocytes was increased ([Fig. 2](#fig2){ref-type="fig"}E), while the time to peak of calcium release in the atrial myocytes was decreased, but not significantly ([Fig. 2](#fig2){ref-type="fig"}F). Meanwhile, we used the amplitude caffeine-induced Ca^2+^ release to assess SR Ca^2+^ content. The result showed that the amplitude of caffeine-induced Ca^2+^ release slightly reduced in the ibrutinib group than the control group ([Fig. 2](#fig2){ref-type="fig"}G), but not statistically significant.Fig. 2Ibrutinib promotes electrical remodeling associated with atrial fibrillation (AF) development. (A--B) Representative recordings of transient Ca^2+^ changes (n = 10 cells per group, Student\'s t-test) and the sarcoplasmic reticulum (SR) Ca^2+^ content (n = 5 cells per group, Student\'s t-test). (C--G) Quantification of the amplitude, decay time, time to peak of calcium release, and the amplitude of caffeine-induced Ca^2+^ release between the control and ibrutinib-treated groups (n = 10 cells per group; Student\'s t-test). (H--K) Representative line-scan confocal images and the quantification of Ca^2+^ sparks (CaSF) in control group mice and ibrutinib group mice (n = 10 cells per group; Student\'s t-test). FDHM, spark duration; FWHD, spark width. (L) Representative images showing the MitoSOX fluorescence intensity in a single atrial myocyte at different times (n = 5 cells per group). Scale bar: 50 μm. (M) Quantification of mitochondrial reactive oxygen species (ROS) production in the control group, ibrutinib group, and DL-Dithiothreitol (DTT) group (n = 5 cells per group; one way ANOVA). Values are presented as mean ± SD. \*P \< 0.05, \*\*P \< 0.01 vs Control group.Fig. 2

We also assessed the changes in intracellular Ca^2+^ homeostasis in atrial myocytes through confocal imaging ([Fig. 2](#fig2){ref-type="fig"}H). The frequency of spontaneous Ca^2+^ spark was significantly increased in ibrutinib group mice ([Fig. 2](#fig2){ref-type="fig"}I). Spark duration (FDHM, ms) and spark width (FWHD, um) ([Fig. 2](#fig2){ref-type="fig"}J--K), were similar in both groups, but not significantly.

By measuring the intensity of MitoSOX Red staining, we estimated the mitochondrial ROS levels in atrial myocytes ([Fig. 2](#fig2){ref-type="fig"}L--M). Our results showed that in the ibrutinib group, after 2 h, mitochondrial ROS production in atrial myocytes was increased by approximately twofold compared to that in the control group, and DTT can reduce the production of ROS.

3.3. Ibrutinib promotes structural remodeling through fibrosis {#sec3.3}
--------------------------------------------------------------

To elucidate whether ibrutinib would also promote structural remodeling, we assessed changes in the atrial pathology ([Fig. 3](#fig3){ref-type="fig"}). The stained sections photographed and morphologically analyzed at 40 × magnification. The results of masson\'s trichrome staining indicated that compared to the control group, the ibrutinib group showed myocardial fibrosis and collagen deposition, and that the fibrotic area of mice in the ibrutinib group was significantly greater than that of control mice ([Fig. 3](#fig3){ref-type="fig"}A and C). Polarized light microscopy indicated that the myocardial collagen fibers were tightly arranged, and were observed as bright orange-red or yellow. Subsequently, the area of myocardial collagen fibers was compared between the two groups, and it was significantly different ([Fig. 3](#fig3){ref-type="fig"}B and D).Fig. 3Ibrutinib promotes structural remodeling associated with AF development. (A) Masson\'s trichrome staining (40 × ), (B) Sirius red staining (40 × ), (C) quantification of atrial fibrosis (blue) and (D) quantification of type I collagen deposition (red or yellow) in the atria of control and ibrutinib-treated mice. (E) Ultrastructure showed the changes of atrial muscle mitochondria and (F) quantification of mitochondrial damage are in the control group and ibrutinib group. (n = 3 mice per group; Student\'s t-test) (G) Ultrastructure showed the changes of atrial muscle leap disc in the control group and ibrutinib group (n = 3 mice per group; Student\'s t-test). Scale bar for A--B: 100 μm; for E: 20 μm; for G: 10 μm. Values are presented as mean ± SD. \*P \< 0.05, \*\*P \< 0.01 vs Control group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

Transmission electron microscopy showed the changes in the ultrastructure of mitochondria. In the control group, atrial myocytes showed complete and clear sarcomeres, a neat and tight arrangement of myofilaments, a basically normal mitochondrial structure, and a tight arrangement of ridge. In contrast, in the ibrutinib group, myocardial cells were partially disappeared, and mitochondrial swelling and became deformed, and mitochondrial ridge broke ([Fig. 3](#fig3){ref-type="fig"}E). The area of mitochondrial damage in the ibrutinib group was significantly higher than that in the control group ([Fig. 3](#fig3){ref-type="fig"}F). Cells in the ibrutinib group also showed signs of cleavage of the gap junctions, expanded T tube, and flocculation or myeloid secretions in the gap junctions ([Fig. 3](#fig3){ref-type="fig"}G).

3.4. Proteomics analysis of ibrutinib-induced AF mice atrial tissue {#sec3.4}
-------------------------------------------------------------------

Isobaric tagging for relative and absolute quantitation (iTRAQ) based on proteomics explicitly authenticated and quantified a total of 2675 proteins. The FC values and the significant differences between each group were calculated by Student\'s t-test, and the significantly differentially expressed proteins were screened with cutoff values of 0.67 \> FC \> 1.2 and *P* \< 0.05. [Fig. 4](#fig4){ref-type="fig"}A shows a volcano map of the differentially expressed proteins. In addition, the specific combinations of differentially expressed proteins within each group were compared to obtain 184 dynamically changing proteins to better explain the expression patterns of these proteins under different treatments.Fig. 4Identification and quantitative analysis of differentially expressed atrial tissue proteins in the control group vs. the ibrutinib group. (A) Differential protein expression was verified using Student\'s t-test and a volcano plot was constructed. (B) Gene Ontology (GO) annotation and enrichment of differentially expressed proteins. (C) KEGG Pathway analysis. (D) The clustering heat map analysis. (E) Protein-protein interaction (PPI) network showing twenty-three major nodes. n = 3 mice per group. NCX, calcium and sodium exchangers; RyR2, Ryanodine Receptor 2; CaMKII, Ca^2+^/calmodulin-dependent protein kinase II; TGF-β, transforming growth factor-β; NOS, nitric oxide synthase; NADPH oxidase, nicotinamide adenine dinucleotide phosphate oxidase; MPO, myeloperoxidase; HOCL, hypochlorous; MHCI, MHC class I molecule.Fig. 4

A total of 184 proteins were differentially expressed between the control and ibrutinib groups; these were used for further statistical analysis ([Table S1](#appsec1){ref-type="sec"}). The OmicsBean omics data integration analysis platform was used to perform functional annotation and enrichment analysis of the genes encoding the differentially expressed proteins through GO. GO functional annotations include three levels of analysis: biological process, cellular component, and molecular function. We chose to explore molecular function ([Fig. 4](#fig4){ref-type="fig"}B) and the KEGG pathway ([Fig. 4](#fig4){ref-type="fig"}C) corresponding to the major proteins in molecular function. In order to further analyze the functional characteristics of the differentially expressed proteins, we chose to validate the proteins in [Fig. 4](#fig4){ref-type="fig"}C. An expression pattern clustering heat map analysis was performed using R language. In the clustering heat map, which included 23 proteins, major clusters could be observed, including the up- and down-regulation of proteins ([Fig. 4](#fig4){ref-type="fig"}D, [Table 2](#tbl2){ref-type="table"}). Meanwhile, protein-protein interaction (PPI) network analysis indicated differentially expressed proteins related to ROS production ([Fig. 4](#fig4){ref-type="fig"}E). These differentially expressed proteins were therefore shown to be associated with ROS-related pathways; this requires further validation.Table 2Atrial proteins change during the course of ibrutinib-treated mice.Table 2AccessionProtein descriptionFCp valueQ3U422NADH dehydrogenase \[ubiquinone\] flavoprotein 3, mitochondrial0.7649894550.030646246P0DN34NADH dehydrogenase \[ubiquinone\] 1 beta subcomplex subunit 10.8094362750.02431271E0CZB3Ubiquitin-like protein 50.7330275230.013441889P28843Dipeptidyl peptidase 40.81667170.001348482P97467Peptidyl-glycine alpha-amidating monooxygenase0.8281673192.39669E-05Q91XF0Pyridoxine-5′-phosphate oxidase1.662630480.017499651P11352Glutathione peroxidase 11.340825350.014289449Q00519Xanthine dehydrogenase/oxidase1.2092185810.028863429G5E8T9Hydroxyacyl glutathione hydrolase1.3568198940.033973033O70571\[Pyruvate dehydrogenase (acetyl-transferring)\] kinase isozyme 4, mitochondrial1.3548654240.003127967Q3TXU4Apolipoprotein E1.2499061910.000506787P58389Serine/threonine-protein phosphatase 2A activator1.3376288660.00091491P24270Catalase1.6836816722.22357E-05Q3U6G1Biliverdin reductase B (Flavin reductase (NADPH))1.8415435142.20116E-05Q61171Peroxiredoxin-21.4830316745.59178E-05O09172Glutamate\--cysteine ligase regulatory subunit1.7448812452.25555E-05Q9QX60Deoxyguanosine kinase, mitochondrial1.9615554575.48505E-05P48771Cytochrome *c* oxidase subunit 7A2, mitochondrial1.260565840.016824736Q3U0B3Dehydrogenase/reductase SDR family member 111.2764198420.000454448P54116Erythrocyte band 7 integral membrane protein1.3208676140.004096078Q00612Glucose-6-phosphate 1-dehydrogenase X1.3826154440.003007136P03888NADH-ubiquinone oxidoreductase chain 11.4376688540.029811979Q3TEF1Glutamate\--cysteine ligase catalytic subunit1.4021778580.043943686

3.5. Selection and verification of proteins by Western blot analysis in ibrutinib-induced AF mice {#sec3.5}
-------------------------------------------------------------------------------------------------

To choose proteins for verification, we reviewed the results of bioinformatics analysis of the proteins to determine differential protein expression. Among the proteins of interest, oxidative stress-related proteins have been previously reported to be associated with AF, and NOX is a major source of increased ROS in AF \[[@bib42]\]. Thus, we selected five ROS-related proteins, NOX2, NOX4, p22-phox, XO, and TGF-β, and treated mice with the NOX inhibitor apocynin for verification. The abundance of the analyzed proteins was detected by western blotting ([Fig. 5](#fig5){ref-type="fig"}).Fig. 5Enhanced activation of oxidative stress-related signaling pathways in ibrutinib-treated mice. (A--E) Representative western blots and quantification of anti-NOXA2/p67-phox (NOX2), anti-Cytochrome b245 Light Chain/p22-phox (p22-phox), NOX4, anti-xanthine oxidase (XO), and anti-transforming growth factor-β1 (TGF-β1) expression in the atrial tissues of AF mice in the control group, ibrutinib group, and apocynin group with GAPDH as a loading control (n = 3 mice per group; one way ANOVA). Values are presented as mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01 vs Control group. \#*p* \< 0.05, \#\#*p* \< 0.01 vs. Ibrutinib group.Fig. 5

The results indicated that the protein expression of NOX2 in the ibrutinib group was significantly increased compared to that in the control group, while the protein expression of NOX2 in the apocynin group was significantly lower than that in the ibrutinib group ([Fig. 5](#fig5){ref-type="fig"}A). The p22-phox protein expression in the ibrutinib group was significantly higher than that in the control group, but that in the apocynin group was significantly lower than that in the ibrutinib group ([Fig. 5](#fig5){ref-type="fig"}B). The protein expression of NOX4 in the ibrutinib group was significantly higher than that in the control group, and was significantly reduced after treatment with apocynin ([Fig. 5](#fig5){ref-type="fig"}C). In addition, XO protein expression in the ibrutinib group was significantly higher than that in the control group, but was decreased in the apocynin group compared to that in the ibrutinib group ([Fig. 5](#fig5){ref-type="fig"}D). TGF-β protein expression in the ibrutinib group was significantly increased compared to that in the control group, and this increase was reversed in the apocynin group ([Fig. 5](#fig5){ref-type="fig"}E).

3.6. Inhibition of NOX reduced AF inducibility {#sec3.6}
----------------------------------------------

To determine whether the inhibition of NOX would reduce the duration of AF and prevent abnormal SR Ca^2+^ release in ibrutinib-treated mice, we performed ECG ([Fig. 6](#fig6){ref-type="fig"}A--B) and calcium ion release measurements ([Fig. 6](#fig6){ref-type="fig"}E--F). ECG measurements showed that the AF duration and incidence in the apocynin group was obviously reduced compared to that in the ibrutinib group ([Fig. 6](#fig6){ref-type="fig"}C--D). Spontaneous Ca^2+^ waves and SR Ca^2+^ release were recorded at 1 Hz--3Hz in the ibrutinib group and apocynin group ([Fig. 6](#fig6){ref-type="fig"}E--F). The results showed that the spontaneous calcium wave incidence in the apocynin group was significantly reduced compared to that in the ibrutinib group ([Fig. 6](#fig6){ref-type="fig"}G).Fig. 6Apocynin inhibits electrical remodeling in ibrutinib promotes atrial fibrillation (AF). (A--D) The incidence and duration of burst-pacing-induced AF in mice from the ibrutinib group and apocynin group (n = 5 mice per group; [Fig. 6](#fig6){ref-type="fig"}C, Chi-square test; [Fig. 6](#fig6){ref-type="fig"}D, Student\'s t-test). (E--F) Representative recordings of transient Ca^2+^ release (n = *6* cells per group, Student\'s t-test) and sarcoplasmic reticulum (SR) Ca^2+^ content (n = 3 cells per group, Student\'s t-test). (G--K) Quantification of amplitude, decay time, time to peak of transient Ca^2+^, and the amplitude of caffeine-induced Ca^2+^ release in the ibrutinib group and apocynin group; (n = 6 cells per group, Student\'s t-test). (L--O) Representative line-scan confocal images and the quantification of Ca^2+^ sparks (CaSF) in ibrutinib group mice and apocynin group mice (n = 5 cells per group, Student\'s t-test). FDHM, spark duration; FWHD, spark width. Values are presented as mean ± SD. \#p \< 0.05, \#\#p \< 0.01 vs. Ibrutinib group.Fig. 6

Next, we measured the time to peak, amplitude, and decay time of transient calcium. The results at 1 Hz stimulation showed that there was no statistical difference in the calcium release amplitude of the apocynin group compared with that of the ibrutinib group. However, at 2 Hz and 3 Hz indicated that the amplitude of calcium release in the apocynin group was significantly increased compared to that in the ibrutinib group ([Fig. 6](#fig6){ref-type="fig"}H). At 1 Hz--3Hz stimulation, the delay time of transient Ca^2+^ in atrial myocytes from the apocynin group was obviously decreased compared to that in the ibrutinib group ([Fig. 6](#fig6){ref-type="fig"}I). But the time to peak of transient Ca^2+^ in the apocynin group was higher than that in the ibrutinib group; however, there were no significant differences between the two groups ([Fig. 6](#fig6){ref-type="fig"}J). Meanwhile, the amplitude of caffeine-induced Ca^2+^ release slightly increased in the apocynin group than the ibrutinib group ([Fig. 6](#fig6){ref-type="fig"}K), but not statistically significant.

Furthermore, spontaneous Ca^2+^ spark were also recorded at 1 Hz--3Hz in the ibrutinib group and apocynin group ([Fig. 6](#fig6){ref-type="fig"}L). The results at 1 Hz--3Hz stimulation indicated that the frequency of spontaneous Ca^2+^ spark in the apocynin group was markedly lower than in the ibrutinib group, and the difference was statistically significant ([Fig. 6](#fig6){ref-type="fig"}M). Upon 1 Hz--3Hz stimulation, compared to that in the ibrutinib group, the spark duration and spark width of the apocynin group was reduced, but not statistically significant ([Fig. 6](#fig6){ref-type="fig"}N--O).

3.7. NADPH oxidase and CaMKII pathway {#sec3.7}
-------------------------------------

NADPH oxidase--dependent ROS and elevated ox-CaMKII are critical for the proarrhythmic actions in pacing-induced AF \[[@bib42]\] and that targeted antioxidant therapy, apocynin, can reduce or prevent AF in ibrutinib--treated mice. We evaluated the expression of ox-CaMKII in ibrutinib-treated atrial myocytes and the inhibitory effect of apocynin. The results showed that the total levels of CaMKII and RyR2 were not obviously increased. However, ibrutinib group significantly increased the expression of ox-CaMKII, *p*-CaMKII (Thr-286) and *p*-RyR2 (Ser2814), and apocynin reduced the expression of these proteins ([Fig. 7](#fig7){ref-type="fig"}A and B).Fig. 7Reactive oxygen species (ROS) activates oxidized Ca^2+^/calmodulin-dependent protein kinase II (ox-CaMKII) increasing serine 2814 on RyR2, and the inhibitory effect of apocynin. (A--F) Representative western blots and quantification of anti-calmodulin-dependent protein kinases II (CaMKII), anti-CaMKⅡ (phospho T286, *p*-CaMKII), oxidized CaMKII, Ryanodine Receptor 2 (RyR2), RyR2-Ser2814 expression in the atrial tissues of mice in the control group, ibrutinib group, and apocynin group with GAPDH as a loading control (n = 3 mice per group, one way ANOVA). Values are presented as mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01 vs Control group. \#*p* \< 0.05, \#\#*p* \< 0.01 vs. Ibrutinib group. (G) Working model of AF-promoting mechanisms due to ibrutinib. SR, sarcoplasmic reticulum; ROS, reactive oxygen species; RyR2, Ryanodine Receptor 2; CaMKII, Ca^2+^/calmodulin-dependent protein kinase II; ox-CaMKII, oxidized CaMKII; DTT, DL-Dithiothreitol; DADs, delayed afterdepolarizations; TGF-β, transforming growth factor-β.Fig. 7

4. Discussion {#sec4}
=============

In this study, we found that increased ROS activity in ibrutinib-treated mice promoted the production of AF-maintaining substrates that ultimately increased their susceptibility to AF. Ibrutinib treatment activates NOX to increase ROS, resulting in oxidation of methionines 281/282 in Ca^2+^/calmodulin-dependent protein kinase II (ox-CaMKII) increasing serine 2814 on RyR2, causing enhanced diastolic Ca^**2+**^ leak that promotes electrical and structural remodeling. Apocynin, an inhibitor of NOX, reduced the development of AF and atrial remodeling. These results provide new pathophysiological insights into and potential treatments for ibrutinib-induced AF promotion.

Previous studies have raised the valid concern that ibrutinib may increase the risk of AF; accumulating evidence indicates that ibrutinib-induced AF promotion is the most common side-effect of this treatment \[[@bib10],[@bib43],[@bib44]\]; although individual studies have varied in the extent to which they observed these adverse events \[[@bib3],[@bib4],[@bib6],[@bib45]\]. To explore the mechanisms of AF contributing to this outcome, this study used iTRAQ-based quantitative proteomics to analyze the changes in protein expression after burst-pacing-induced AF in ibrutinib-treated mice, and screened the differentially expressed proteins for GO function annotation and clustering heat map analysis, and then constructed a PPI network. The screened differential proteins included NADH dehydrogenase \[ubiquinone\] flavoprotein 3, glutathione peroxidase 1, xanthine dehydrogenase/oxidase, and peroxiredoxin-2, among others. Elevated levels of these proteins can promote the development of AF, and these differentially expressed proteins were found to be closely related to oxidative stress-related signaling pathways.

Our proposed model of the ROS-mediated ibrutinib-treated mice mechanism of AF development is multifactorial ([Fig. 7](#fig7){ref-type="fig"}C) ROS enhances the expression of ox-CaMKII, leading to RyR2 serine 2814 mediated SR Ca^2+^ release events \[[@bib17],[@bib46], [@bib47], [@bib48]\] which ultimately cause the generation of AF. Our results demonstrated that ibrutinib increased SR Ca^2+^ release events, particularly the spontaneous calcium wave, the amplitude of transient calcium signals, the decay time, and the frequency of calcium sparks, all of which can provide a substrate for AF development. Mitochondrial ROS production was increased by more than two-fold after the infiltration of atrial myocytes in ibrutinib-treated mice. The use of the inhibitor DTT reduced ibrutinib-treated mitochondrial ROS production, improved calcium regulation disorder in atrial myocytes, and reduced spontaneous calcium release from the SR. Increasing evidence indicates that abnormal calcium in atrial myocytes is an important factor leading to the progression and maintenance of AF \[[@bib49], [@bib50], [@bib51], [@bib52], [@bib53]\]. During atrial fibrillation, the calcium leakage of RyR from the SR is increased. By regulating the expression of ion channels and intracellular calcium homeostasis, transient calcium changes in myocardial cells are increased to promote further atrial electrical remodeling \[[@bib54],[@bib55]\]. Thus, these results support the function of ROS in triggering abnormal calcium release, leading to electrical remodeling in ibrutinib-treated AF mice.

During the development of cardiac arrhythmias, myocardial fibrosis plays a vital role in up-regulating the expression of the necessary substrates for the persistence of these arrhythmias \[[@bib58]\]. Under pathological conditions associated with the development of fibrosis in patients with AF, the structure of fibrotic myocardium tissue becomes uneven, thus affecting intercellular conduction \[[@bib56], [@bib57], [@bib58]\] and resulting in slowed conduction, as well as functional and structural blockage, thereby producing AF-related substrates \[[@bib59]\]. Therefore, we evaluated the changes in atrial size and area through echocardiography, and used histopathological staining to ascertain the degree of myocardial fibrosis. In our mouse model of burst-pacing-induced AF, the LA diameter, and LA area were increased by treatment with ibrutinib. Light microscopy showed an increase in myocardial cell production and a wider cell gap, as well as a slight increase in collagen fibers. Transmission electron microscopy showed changes in the myocardial ultrastructure, including decreased sarcomeres and SR, mitochondrial swelling, and glycogen deposition. Furthermore, TGF-β has been shown to participate in the development of atrial fibrosis \[[@bib60], [@bib61], [@bib62]\] by activating ROS; redox-sensitive signaling pathways are known to regulate TGF-β-induced myocardial structural remodeling \[[@bib63],[@bib64]\]. The results of this study indicated that the expression of TGF-β was clearly increased in ibrutinib-treated mice. Serum TGF-β levels have been found to be increased in AF patients receiving defibrillation treatment \[[@bib62]\]. Furthermore, TGF-β over-expression has caused substantial increases in atrial fibrosis, affected conduction characteristics, and induced the development of AF \[[@bib61],[@bib65]\].

Antioxidant treatment has been shown to have some preventive functions against post-operative AF \[[@bib66],[@bib67]\], and against the occurrence and development of AF \[[@bib68],[@bib69]\]. Apocynin, which is an extract of several plants, is an inhibitor of NOX \[[@bib70]\]; it acts by inhibiting the active site of NOX \[[@bib71]\]. Studies have shown that apocynin may be effective against AF, as its anti-oxidative action may also regulate the related stimulation of atrial remodeling. Nevertheless, antioxidants as upstream therapies may interact more effectively with target proteins prior to ROS production \[[@bib72]\]. As a valid inhibitor of NOX, apocynin can pre-emptively prevent the formation of ROS. Our study demonstrates that apocynin markedly down-regulated the expression of atrial proteins, including NOX2, Nox4, p22-phox, XO and TGF-β, and also blocked the development of AF by regulating the expression of oxidative stress-related proteins. As an inhibitor of NOX, it can also reduce ROS production through the rapid electrical stimulation of atrial myocytes \[[@bib73]\]. It has been shown in basic experimental studies and clinical trials that ROS in atrial tissue participates in atrial remodeling, and that ROS plays a key role in atrial fibrosis \[[@bib42],[@bib74], [@bib75], [@bib76]\]. Hence, inhibiting ROS may be a target for the management of AF. Our study showed that apocynin inhibited the increase in SR Ca^2+^ release events to attenuate atrial electrical remodeling and to reduce the induction and duration of AF \[[@bib77]\].

CaMKII and increased ROS pathway are now recognized to contribute to cardiac arrhythmias \[[@bib47],[@bib78],[@bib79]\]. Multiple studies have validated *p*-RyR2(Ser2814) as a CaMKII phosphorylation target, and that hyperphosphorylation of Ser2814 promotes diastolic SR Ca^2+^ release and pacing-induced AF \[[@bib48],[@bib80],[@bib81]\]. Under increased oxidative stress, CaMKII is activated by oxidation of methionines (methionines 281/282) \[[@bib17]\], suggesting a possible role for ox-CaMKII as an ROS-activated proarrhythmic signal in AF \[[@bib47]\]. Another recent study showed that oxidized CaMKII was increased in atria from patients with AF compared to patients in sinus rhythm. In a rapid pacing model of inducible AF, mice expressing a CaMKII-resistant RyR, due to knock-in mutation of a CaMKII phosphorylation site, also had reduced susceptibility to AF induction in the model, further supporting the idea that oxidized CaMKII is inducing AF via RyR phosphorylation \[[@bib48]\]. Other studies have shown that oxidative stress can activate p-calmodulin kinase, thereby promoting the release of calcium in the SR and causing arrhythmias \[[@bib82]\]. In the present study, our results indicated that ibrutinib group increased the protein expression of ox-CaMKII, *p*-RyR2(Ser2814) and *p*-CaMKII(Ser286), and apocynin reduced these proteins expression. Taken together, these findings suggest that ROS and elevated ox-CaMKII and *p*-CaMKII(Ser286) are critical for the actions of ibrutinib in pacing-induced AF and that apocynin reduced the ox-CaMKII protein and *p*-CaMKII(Ser286)expression to relieve the SR Ca^2+^ release events, thus reducing or preventing AF in ibrutinib--treated mice. However, due to the small sample size, this result still needs further research to prove.

Some limitations should be acknowledged. Firstly, while ibrutinib may have promoted cardiac remodeling in the atria, it may also have had an effect on ventricular remodeling; this needs to be verified in further studies. Secondly, although our data revealed that ROS activity was enhanced in ibrutinib-treated mice, the detailed upstream factors leading to the activation of ROS production were not investigated in the current study. Thirdly, the AF duration in our study was significantly longer than in previous studies \[[@bib81],[@bib83], [@bib84], [@bib85]\]. It may be that different types of stimulation electrodes and different stimulation intensities lead to different duration of AF. Finally, although apocynin effectively reduced AF inducibility in ibrutinib-treated mice, we did not determine the precise pharmacokinetics of apocynin or its potential adverse effects on cardiac function. Further studies are needed to solve these issues.

In summary, our study showed that ROS production in atrial cardiomyocytes was associated with the pathogenesis of ibrutinib promoted AF. Oxidative stress induction in ibrutinib-treated mice caused calcium overload and atrial fibrosis by increasing ox-CaMKII, *p*-CaMKII(Ser286) and *p*-RyR2(Ser2814) TGF-β expression, which is associated with atrial remodeling. Apocynin, an inhibitor of NOX, attenuated atrial remodeling in ibrutinib-treated mice by inhibiting the expression of oxidative stress-related proteins, ox-CaMKII and *p*-CaMKII(Ser286). That the findings of this study can potentially open up new clinical mechanism-based targets to prevent and treat ibrutinib promoted AF.
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[^1]: BW, body weight; HR, heart rate; \*P \< 0.05.
